A b s t r a c t: Seismic moments (M 0 ) of 79 earthquakes which ed in the Vardar and West Macedonia seismic zones on the territory of the Republic of Macedonia and neighbouring regions within the period 1992-2002 were obtained by inversion of the amplitude spectra of the vertical components of the short-period shear S g and L g surface waves, digitally recorded on the electromagnetic short-period SS-1 and wide-range WR-1 Kinemetrics seismometers at the stations in Skopje (SKO), Ohrid (OHR), Valandovo (VAY), Bitola (BIA) and Kriva Palanka (KPJ). The inversion was done on the Brune dislocation source model and a proper model of the medium. The data used included earthquake local magnitudes (M L ) between 1.5 and 5.2, for the Vardar seismic zone, and between 1.4 and 5.2, for the West Macedonia seismic zone. Moment magnitudes (M W ) of the earthquakes were calculated using the Kanamori formula. Empirical M 0 -M L and M W -M L relations were obtained, the first of the kind for seismic zones in the territory of the Republic of Macedonia. The results also appointed to a differentiation between classes of small and middle-sized earthquakes at M L = 5.2 and to a change in the scaling law of the small earthquakes at M L ≈ 3.0 -3.5 or M 0 ≈ 6·10 13 -1.5·10 14 N·m.
INTRODUCTION

A review on seismic moment and purposes of this study
In the earthquake mechanics studies, the sudden faulting has been approved as the most probable physical model for seismic sources [e.g. 1, 2] .
The general solution for the corresponding displacement field can be obtained only by use of the dislocation theory. When specified for far field ( F ), the amplitude spectrum of that solution has a level in the low-frequency part. For the special case of an isotropic medium (as is the Earth for a wide range of seismic wave periods) and a flat surface fault (which is being the most probable physical model for seismic sources in a wide range of seismic source depths), the low-frequency level is given by [e.g. 1, 3, 4] ( ) 
(our notation). Here "s" in subscript stands for "source", f is the wave frequency,
is a sphere surrounding the fault in the far-field, having a centre in the earthquake hypocentre (H), unit radius ( . 0 M is the so called seismic moment. F f ϑϕ is the radiation pattern of the waves generated by the fault surface and observed in the far field (ϑ is the angular, ϕ is the azimuth). It depends on the wave type and on the dislocation model used for the fault. 0 ρ , 0 v and 0 μ are respectively the density, the wave velocity and the shear modulus on (static stress drop) and C is a constant that depends only on the shape of L Σ .
Being a constant for a specific fault that is defined through the average final fault properties, the seismic moment has been accepted as a measure of seismic source size or earthquake size [e.g. 3, [5] [6] [7] . On its base, a new, nonsaturating and so called earthquake moment magnitude has been defined [8] .
On the other hand, the constant σ Δ in eq. (1b) for a group of earthquakes denotes their self-similarity, since the proportionality Accordingly to (1) , when assuming a specific dislocation model of a flat surface fault as a seismic source, the value of the seismic moment for any earthquake can be obtained from the level in the observed far-field displacement amplitude spectrum, after removing from it the recording instruments' response and the influences of the seismic waves' spreading in real medium between the sphere . .s el S and the Earth's surface. The last can be removed conventionally, on certain models of the medium, or by empirical Green's function deconvolution method, when the whole source displacement amplitude spectrum for the analysed earthquake is obtained directly by division of the instrumentally corrected spectra of that earthquake and an adjacent small earthquake (forshock or aftershock) with same location and source mechanism (means the trace of the small earthquake is treated as Green's function for the medium, i.e. as a response of the medium on an impulse point force).
Following [10 and 5] , many occurred strong earthquakes have been separately successfully analysed through the seismic moment. A special interest has been put on global, regional and local empirical relations between the seismic moment and other particular seismic source parameters to earthquake magnitude [e.g. 6-9, 11 -22] . On the one hand, the conditions of existence or nonexistence of self-similarity of the earthquakes are determined through those relations, and thus a better understanding of the earthquakes' originating in connection to the geological features and tectonic conditions is secured. On the other hand, those relations are basis for quick routine determination of a particular seismic source parameter only when other seismic source parameter or the earthquake magnitude is known. The both aspects can provide better preconditions for seismic regionalization and hazard assessment.
As known [23] , three main neotectonic regions spread on the territory of the Republic of Macedonia, namely, Vardar zone, West Macedonia and East Macedonia, which developed within major, regional tectonic units (Fig. 1) . These three regions exhibit differences in the seismic activity too, which is taken as an argument to consider them as separate seismic zones [24, 25] , bearing the same names. Neotectonic zones and faults on the territory of the Republic of Macedonia, epicentres and local magnitudes of the earthquakes under study (see Table 2 ) and used values of the quality factor Q The purpose of this study is to set up empirical relations of the seismic moment and earthquake moment magnitude to the earthquake local magnitude exactly for the seismic zones on the territory of the Republic of Macedonia.
Records from the first decade of digital recording of the stations of the seismological network in the Republic of Macedonia (SORM), that is 1992-2002, were used in the study. The maximum observed local magnitude on the territory of the Republic of Macedonia and neighbouring areas during that period was 5.2.
Thus the two main conditions of the study, i.e. the use of the seismic records from the same territory where from the earthquakes originated and the size of earthquakes themselves, led to dealing with the methodology of average source parameters determination which should be appropriate for continental earthquakes that are classified as near or local and small to middle-sized.
The widely accepted method for such studies [e.g. 13, 16, 20, 21] In this study, seismic moment determinations were done by inverting the amplitude spectra of the vertical components of the observed g S and g L waves, on the Brune dislocation model. One of the main selection criteria for the data was the preferring of source and receiver locations within the same seismic zone. The extracting of the influences of real medium in the observed spectra was done conventionally, using a model for the medium that corresponds to the specific geological, tectonic and seismotectonic characteristics of the territory of the Republic of Macedonia and the data used. Since all the elements of the used recording equipment are linear and time-invariant, the final frequency response function
for each channel is given by the product of the corresponding frequency response functions of the elements,
The preliminary data included local magnitudes ( l M ) between 1.4 and 5.2, epicentral distances ( Δ ) between 10 and 159.7 km and hypocentral depths ( h ) between 4 and 30 km. Accordingly to the scheme of the crust under the Balkan region that has been made in [28] (Table 1) , all the analysed earthquakes originated from the upper (granite) crust layer, and thus the first arrival in the S traces on the records was assumed here as g S . g L phase occurrence
km. The latter has been being the case with the seismological observations on the territory of the Republic of Macedonia since 1957, and it has to do with a specific distribution of the earthquakes' hypocentres within the granite layer, mostly at depths about h = 1 km.
T a b l e 1
The parameters of the crustal model in [28] Layer and depths of the boundary discontinuities Average density
Average shear modulus the source and receiver locations within the same seismic zone were preferred, in order to strictly differ the seismotectonic properties in the different seismic zones.
The further processing was done with the seismological software SEISAN 7.2 [29] , after the original SSR digital records had been converted into the SEISAN format. A preliminary amplitude spectral analysis of the selected phases and the corresponding noise was done at first. Additional high-cut filtering at 10 Hz was used in cases of significant noise. In that way, the final frequency band included in the data was 0.01 to 10 Hz or 0.01 to 15 Hz. Further, only amplitude spectra with signal-to-noise ratios greater than 4 were chosen for final analysis.
Finally, exactly 85 records for 85 earthquakes were selected, mainly with the preferred locations of the source and the receiver within the same seismic zone. Only six of the selected records were for earthquakes from the East Macedonia seismic zone. Therefore that zone was excluded from the investigation. 
Concerning the relatively short seismic paths included in the analysis, the two Earth's crust layers were homogenized following the model given in Table 1 . Further, the treatment of the short-period transverse and surface waves as one type of waves that exhibits transition from spherical (body wave) spreading to cylindrical (surface wave) spreading proposed for a homogenized crust in [13, 30 and 31] was used here for the upper (granite) crustal layer. Thus the average granite layer phase velocity of S waves from Table 1 (  45  .  3 , which is the threshold for g L phase on the territory of the Republic of Macedonia, found also in our data, as mentioned above.
A frequency independent quality factor ( Q ) in the anelastic attenuation V of the g S and g L phases was used here, according to the previously proved weak dependence of this factor on frequency in frequency bands such as those included in the data analysed here [e.g., 32]. On the other hand, for the analysed seismic paths that were spread within the Vardar and West Macedonia seismic zones, what was mostly the case, we accepted the dependence of the Q factor on source-receiver azimuthal distance that had been proved for both zones in the investigation [33] . The average frequency independent Q factors for S waves obtained in [33] for three main directions were ascribed here to g S and g L waves along the same directions ( Fig. 1) :
OHR ↔ SKO, along the West Macedonia seismic zone -direction 2 l :
OHR ↔ VAY, across both zones -direction 3 l : 68
Only three of the analysed seismic paths crossed the East Macedonia seismic zone, nearly with their entire lengths ( Table 2 
Since all the seismological stations on the territory of the Republic of Macedonia are installed at consolidated rocks, no site effects were included in the final anelastic attenuation V, and it was taken as: (5) which is the closest in orientation to the seismic path. For the three seismic paths crossing the East Macedonia seismic zone nearly with their entire lengths, mentioned above, the eq. (7) was used with 70
The source term 0 Ω in (3) was chosen, as said above, after the Brune dislocation model [26] [27] . The model uses a static circular fault surface that is equivalent ( 
is the RMS for the S wave radiation pattern, which we here ascribed to the RMS-s of the radiation patterns of analysed g S and g L waves.
Further, 0 ρ and 0 β are respectively the density and the S wave phase velocity in the vicinity of the real fault, which we took as constants throughout the granite crustal layer, with values from With the above assumptions, the theoretical low-frequency level (3) becomes
where
is evaluated following relations (5) and (6) in the way described above, and 0 Ω and ) ( f T instr are given respectively by eqs. (8) and (2).
The time window for the final amplitude spectral analysis of the selected data in SEISAN 7.2 was chosen to include the entire duration of the g S or g L phase or the entire durations of both phases, the latter one being used in cases when the g L phase was not quite well developed on the record (Fig. 2a) .
Thus, the time window lengths included in the final amplitude spectral analysis were between few and 15 seconds.
Log-amplitude spectra of the selected seismic traces were obtained in SEISAN 7.2. Those spectra were corrected there at first for l V 0 β , following eq. (7), and, second, for ) ( f T instr , following eq. (2), with parameters of the used instruments and filters as listed in the original technical documentation of the producers. Thus it follows from eq. (9) that the low-frequency levels of those twice corrected log-amplitude spectra, read in SEISAN 7.2 as OM (Fig. 2b) , are given by
The read OM values were used further to estimate the seismic moments of the earthquakes using eq. (8) Table 1 were used.
Moment magnitudes W
M of the earthquakes were calculated using the Kanamori formula from [8] , Table 2 , Vardar seismic zone, event No.31), on the vertical component of the short-period electromagnetic SS-1 seismometer at the station in Bitola (BIA), for which the epicentral distance is Δ = 103.9 km. The onsets of the seismic phases P g , S g and L g are shown too. b) The obtained in SEISAN 7.2 software log-amplitude spectrum of the S g and L g phases (shaded part of the trace in the upper part of the figure), after the corrections of the effects of the instruments and anelastic attenuation. The straight lines present the low-frequency and high-frequency asymptotes (OM and HF, respectively), with their intersection point as a corner frequency. The lower part in the plot presents the log-amplitude spectrum of the noise.
RESULTS
The obtained seismic moments and moment magnitudes are given in 
with correlation coefficient r = 0.9853 ± 0.0281;
-for the West Macedonia seismic zone,
with correlation coefficient 0335 . 0 9785 . 0 ± = r . The above correlations are in a very good agreement with those obtained in [15, 20 and 22] .
The results also provided linear
-for the Vardar seismic zone,
with correlation coefficient r = 0.9849 ± 0.0285; -for the West Macedonia seismic zone,
with correlation coefficient r = 0.9788 ± 0.0332. The correlations (13) - (16) are the first of the kind obtained for seismic zones on the territory of the Republic of Macedonia. As empirical ones, they statistically include the specifics of the crust structure under that territory, and thus can be very useful in seismic regionalization and assessment of seismic hazard on that territory. They can also ensure quick evaluation of M 0 and M W for any earthquake only on the basis of its local magnitude M L . With M 0 determined, other source parameters can be evaluated using eq. (1b). All this gives a good basis for further detailed studies of seismic sources on the territory of the Republic of Macedonia. 
